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There is a cuneiform clay tablet in the British Museum, London, dated 4000 Bewhich relates the earliest known theory of tooth decay, infestation by the toothworm. This theory was generally accepted until the last century when the myth was finally dispelled by the work of W D Miller, who reduced the worms to the unicellular size of microorganisms and elaborated the basic mechanism of dental caries. However, the worm theory did carry with it a widely used treatment, fumigation with burning henbane seeds, a form of chemotherapy. Today dental caries is treated by surgical means, the diseased and infected part of the tooth is excised and the resulting defect is repaired by one of the various techniques of conservative dentistry.
A growing number of workers now feel that we have reached a point where the treatment of the early lesion of caries can be reappraised. The aim of this paper is to review these developments and the background to them and to consider the course and likely value of further work.
The carious lesion
The basic mechanism of dental caries provided by Miller (1898) and still accepted today is that dietary carbohydrate is taken up by the bacterial layer on the tooth surface (dental plaque) and metabolized, producing organic acid which attacks the enamel surface and removes the calcium phosphate mineral of which it is largely composed (Levine 1977) .
Frequent attacks produce the first stage of dental caries, or the white spot lesion which appears clinically as a chalky white patch on the enamel and microscopically as a shallow area of partial demineralization, with up to about 30% of the mineral lost but having an apparently intact surface layer. Later as demineralization proceeds, the surface cavitates, demineralization spreads towards the dentine, bacteria invade the spaces opened up by the acid attack and the structure of the tooth is progressively destroyed. The initial phase of this process can be viewed as a demineralization process interspaced with resting periods when the pH at the enamel surface returns to near neutrality and a slow return of mineral ions from the dental plaque occurs. If, during the repeated demineralization-remineralization cycles, there is a net loss of mineral from the tooth surface, then dental caries activity has begun (Levine 1977) .
It has been apparent for many years that caries does not lead to progressive destruction of the tooth. If the attack on the tooth is moderated by an improvement in diet, for instance, then periods of remineralization can predominate over demineralization and the decay process becomes arrested (Backer-Dirks 1966). Such naturally healed or arrested lesions in dentine are characterized by smooth hard surfaces, often stained brown or black, and are resistant to further attack (Young & Massier 1963) . They have been found to be more mineralized than actively carious tissue , to have abnormal mineral crystalline phases (Rowles & Levine 1973) , and a high fluoride content (Levine I972a) . It was the author's own arrested lesion ( Figure I ) which encouraged an interest in natural healing of this pathological process and the means by which it may be achieved artificially. However, although the arrested lesion was barely recognized, let alone studied, interest in artificial repair of early carious lesions had already begun fifty years earlier. Early studies In 1912 the American, J Head, described a series of experiments in which human saliva was shown to have the power to reharden decayed areas on extracted teeth. By doing so he displayed a knowledge of the basic defect of the lesion and of the influence of the mineral content of saliva on the carious process. The role of the saliva in the multifactorial concept of caries aetiology is becoming increasingly recognized and its calcium and phosphate ions are now known to playa vital part in the ionic exchange between enamel and its environment. Shortly after this, Howe (1917) described a technique to sterilize and impregnate carious lesions with metal salts to cause arrest, and by the middle of the century it was an accepted procedure for lesions in deciduous teeth to be made self-cleansing in order to reduce plaque stagnation (Anderson 1938 ) and then to be treated with silver nitrate (Schultz-Haudt et al. 1956 ). Current thought is that fluoride solutions should be substituted for silver nitrate because of possible adverse effect on the dental pulp (Englander et al. 1958) .
The next step forward was a study by Souder & Schnoover (1944) who attempted to remineralize extracted human teeth in vitro. After a preliminary demineralization treatment, the teeth were exposed for 20-hour periods first to a 1% sodium fluoride solution and then to calcium sulphate. The search for a more practical means of remineralizing the carious lesion was accompanied by a series of studies on arrested lesions under the direction of MassIer, in Chicago, concluding with a far-sighted reappraisal of the treatment of the carious lesion (MassIer 1967) and stating the case for attempting to treat the early lesion by encouraging remineralization. In this he may have been influenced by developments in Birmingham, Alabama, which began the current phase in this field (see below).
Development of mineralizing agents
The presentday interest in the concept of remineralization of early carious lesions and the development of suitable agents was given a significant impetus by the work of Koulourides and co-workers at the Alabama Dental School. Using a simple model in which extracted teeth were artificially softened with a lactic acid buffer, they formulated a single solution which rehardens the enamel surface (Koulourides & Pigman 1960) . Further work showed that the effects of this calcium-containing solution could be enhanced by the addition of fluoride ions and that the effect was inhibited by some heavy metal ions such as copper (Koulourides 1962 , Koulourides et al. 1968 ).That the increase in surface hardness of the enamel produced by this solution was related to a remineralization effect was demonstrated histologically by Silverstone & Poole (1968) . Using polarized light microscopy they showed a reduction in void volume in artificially created enamel lesions in extracted teeth which had been treated with the Koulourides solution for 4 weeks, the solution being changed daily. These developments and our increasing knowledge of the nature of naturally arrested lesions were accompanied during the 1960s by an upsurge in the amount of research on the basic mechanisms of biological calcification, the chemistry of calcium phosphate and particularly the effect of fluoride ions on calcium phosphate chemistry and dental caries. Although it is beyond the scope of this paper to review this immense field, two aspects are relevant. First, the recognition that there is a dynamic exchange of mineral ions between enamel and plaque and, secondly, that however else fluoride may act in reducing dental caries incidence (Levine 1976 ), it exerts a major influence in promoting a remineralization effect by favouring the precipitation of well crystallized apatite in the enamel surface (Brudevold 1962 , McCann & Brudevold 1966 , Higuchi 1974 , Nancollas 1974 . It was the work of McCann & Brudevold in Boston on the effect of low fluoride concentrations in precipitating hydroxyapatite that provided the author with the means of formulating a clinically viable mineralizing agent.
The Koulourides solution has two important limitations: first, it is unstable and does not withstand storage; secondly, its mineralizing capacity is limited because of the low solubility of calcium phosphate. Consequently large volumes of solution with frequent changes are required to produce an appreciable effect. These problems were overcome in a new mineralizing system consisting of a saturated solution of dicalcium phosphate dihydrate (brushite), a more soluble crystalline form of calcium phosphate than apatite. To this solution is added a low concentration (5-50 parts/If)") of fluoride in the form of the sodium salt. On exposure to existing apatite crystals as in a tooth, the calcium and phosphate ions in solution deposit under the influence of the fluoride ions as highly crystalline apatite. To replace these ions a suspension of solid brushite is introduced which enters solution when formation of apatite begins. Finally the hydrogen ions produced by this reaction are neutralized by a phosphate buffer. The final formulation (Levine 1972b) consisted of a 0.5 moljl phosphate buffer with a fluoride concentration of 5 parts/In" and saturated with excess pure brushite. The formulation was developed and assessed using sections of grossly carious teeth which were split through the lesion, so that one half could be treated and then reassembled with the control half for microradiography to demonstrate the increase in mineralization of the treated half of the lesion (Figure 2 ). X-ray diffraction analysis of the new mineral showed it to be hydroxyapatite of large crystal size and excellent crystallinity (Levine & Rowles 1973) .
The potential value of this agent when formulated as a mouth-rinse was demonstrated in an in-vitro study (Levine 1974) : natural early enamel lesions were exposed to the agent intermittently for a total of 24 h and a substantial remineralization effect was obtained ( Figure 3 ). An in-vivo experiment followed, in which early white spot enamel lesions were Figure 2 . Microradiograph of a section of a carious tooth.The left half was incubated in mineralizing fluidfor 24 hours,while the right half was retained as a control Figure 3 . Microradiograph of section of a tooth with a white spot enamel lesion, Before sectioning, the tooth was coated with varnish except for a window through which the left side of the lesion was exposed to a simulated mineralizing mouth-rinse application for a total of 24 hours induced in 15 dental student volunteers by withdrawal of oral hygiene and frequent sucrose mouth-rinses (von der Fehr et al. 1970 ). On a blind basis 8 subjects then used the mineralizing mouth-rinse, while 7 used a 0.05% sodium fluoride control rinse. Over an 8-week period a significantly more rapid resolution was observed of the lesions in the experimental group than in the control group (Levine 1975) . That the sodium fluoride control rinse was able to produce a degree of reversal supports the concept that remineralization can occur naturally from the saliva (Backer-Dirks 1966) and the effect is encouraged by fluoride. However, the active mineralizing agent produced a more rapid change, and the deposited mineral is likely to be more stable than the less crystalline, rather heterogeneous mineral found in naturally arrested lesions , Rowles & Levine 1973 . Although no adverse soft-tissue reactions or increased calculus deposition was seen in this study, a 3-month trial with 150 school children was carried out to confirm the acceptability of the agent. In many cases where lesions had been reversed, no trace of a lesion could be detected. However, in a proportion of cases a visible indication remained, presumably due to the ingress of extraneous organic material into the lesion prior to remineralization. Together with any change in crystal orientation this could result in a change in the optical quality of the lesion compared with the surrounding surface.
Further development of this system has led to a two-part mineralizing agent consisting of a saturated solution of brushite in phosphate buffer at pH 4.5, which is mixed immediately before use with an equal part of phosphate buffer pH 9.0 containing 2000 parts/10 6 F. Under the influence of the sudden rise in pH and high fluoride concentration of the mixture, hydroxyapatite is rapidly precipitated from solution. This formulation was developed specifically to enhance the adhesion of poly-acrylate dental cements to dentine , as the bond strength is dependent upon the degree of mineralization of the surface. It was found that a 30-second pretreatment of a dentine surface with the agent was sufficient to double the bond strength.
Laboratory studies on remineralization phenomena Following the work of Koulourides and the upsurge of interest in the chemistry of caries initiation and remineralization, several groups of workers pursued related aspects of the field. Johannson (1965 ), McDougal & Adkins (1966 and Silverstone & Poole (1968 , 1969 studied the changes in histological appearance of artificial enamel lesions during and after exposure to mineralizing agents.
Others studied the ionic aspects of apatite formation in relation to demineralization and remineralization. Brudevold et al. (1961) demonstrated that fluoride concentrations as low as 0.2 parts/In" will favour hydroxyapatite formation and that pre-existing apatite crystals will enhance remineralization. The conditions for remineralization were elaborated by Myer & Nancollas (1972) , Robertson (1973) , Higuchi (1974) and Nancollas (1974) , while the significance of the phenomena was expounded by Briner et al. (1974) .
A further method for investigation of the phenomena is to observe the kinetics of mineralization using teeth or sections of teeth with natural or artificial lesions in a closed system (Feagin 1971 , Levine & Rowles 1973 , ten Cate & Arends 1977 . All of these studies have combined to extend our knowledge of the chemistry of remineralization and the changes which are produced in enamel and dentinal lesions, and have placed us in a position to apply this knowledge to the control of caries.
Studies on apatite replacement
While this review has been largely concerned with attempts to replace the apatite crystals removed from enamel and dentine by the carious process with similar mineral, there are other ways in which the pores between residual apatite crystals can be obliterated. The criteria for any replacement material are that it be chemically and physically compatible with apatite; stable under oral conditions; non-toxic; and translucent, with a refractive index similar to that of enamel, so that the appearance of treated surfaces is not impaired.
Although not ideal, the agents which have received most attention in this respect are salts of heavy metals. Following the work of Howe (1917) attention was switched to fluoride salts. Wei, Kaqueler & Massier (1968) showed that a 10% solution of stannous fluoride would produce in carious dentine a rapid precipitate, thought to be stannous phosphate (Wei & Forbes 1968 ). Brannstrom & Nyborg (1971) confirmed that such toxic solutions have an adverse effect on the dental pulp when applied to deep cavities, but that a 4% solution could be applied for 5 minutes without harm. Similarly, several workers have studied the effect of this agent on enamel caries in vitro (Francis 1965 , Gray 1965 , Purdell-Lewis et al. 1976 showing that the affected enamel is rehardened and more resistant to further attack. While in these studies concentrations and application periods were used that are not clinically acceptable, there is evidence that regular applications of stannous fluoride at lower concentrations, such as might be achieved by use of a toothpaste containing the agent, can result in arrest of lesions (Mulher 1960) .
An alternative approach is to infiltrate the enamel lesion with a stable amorphous material such as resorcinol-formaldehyde resin (Robinson et al. 1976 ), but clinical application will have to await the development of more suitable materials.
Factors encouraging natural remineralization As indicated above, the initiation of the carious process is no longer seen as a simple demineralization process, but as a shift in the dynamic exchange of mineral ions across the plaque-enamel interface, a concept termed the 'ionic see-saw' (Levine 1977) . In recent years factors which will favourably influence this balance to achieve natural remineralization of lesions and stabilize incipient activity have been investigated.
These factors fall into two groups: those which reduce acid production in the plaque, and those which directly favour remineralization. The first group must include any factor reducing the amount of plaque, or the proportion of sugar-fermenting organisms in the plaque, or the ability of the organisms to complete the glycolysis cycle, or the amount and frequency of fermentable substrate in the diet (Levine 1977) . A change in any of these factors resulting in reduced acid production will allow the natural tendency for mineral from the oral environment to deposit into the enamel surface to prevail.
The second group of factors include those which make more calcium and phosphate ions available at the plaque-enamel interface and exert a common ion effect on the ionic balance. Milk is therefore an important dietary factor (Jenkins & Ferguson 1966),and there is evidence that it will reduce enamel solubility (Weiss & Bibly 1966) and encourage remineralization (McDougal 1977) . A dietary supplement of interest is the organic phosphate group (Grenby 1973) , which would appear to reduce demineralization in vitro (Grenby 1980) if not actively promoting remineralization. There is now no doubt of the ability of fluoride ions to promote natural remineralization (Levine 1976) , especially when available to the enamel surface frequently and at low concentrations, as seen in the resolution of artificially-induced lesions in vivo by use of a sodium fluoride mouth-rinse containing 250 parts/10 6 F (Levine 1975) .
Potential value of remineralization in caries control
It is clear from this review that any measures taken to reduce the carious attack by modifying either the cariogenicity of the diet or the oral flora will favour natural remineralization and healing of existing lesions, as well as reducing new activity. Dietary modifications to increase the availability of mineral ions to the enamel/plaque system and the introduction of fluoride ions at the optimum concentration and duration will greatly enhance this effect. All of these measures, including use of a daily fluoride mouth-rinse (Torell & Erricson 1965 , Birkeland & Torell 1978 , are well established. They may be effectively employed to control caries and are of especial value where the opportunity has been missed of increasing the resistance of the dentition to caries by water fluoridation and systemic fluoride supplements during development.
The future possibility has now been raised that clinically acceptable agents may become available, to produce artificial remineralization of lesions with high-quality apatite more resistant to attack than the original mineral. Although the studies of Levine remain the only successful clinical trials of an active mineralizing agent, there can be no doubt that others will follow. If these can be formulated as agents which will fit into accepted social patterns, such as a dentifrice and a mouth-rinse for North America and continental Europe, then the chemotherapeutic treatment of dental caries by a home-use agent may become a reality.
